The present work examined seven Hypericum species (Н. perforatum, Н. humifusum, Н. kalmianum, Н. annulatum, Н. tomentosum, Н. pulchrum, and H. rumeliacum) produced in vitro and regenerated after cryopreservation. The aim of the study was to assess, by means of light microscopy (LM) and transmission electron microscopy (TEM), the effect of freezing temperature on leaf histological organization and mesophyll chloroplast ultrastructure. Histological analysis showed a negative effect of ultralow temperatures on leaf tissue structure in Н. pulchrum and a positive effect in Н. perforatum. The TEM analysis showed that chloroplasts from ultralow temperature treated H. annulatum, H. tomentosum, and H. rumeliacum had a typically structured internal membrane system without destruction of thylakoid membranes, however, those of Н. humifusum had very high grana, and in Н. perforatum, chloroplast thylakoid destruction occurred. The chloroplast internal membrane system of in vitro cultured control plants and in vitro cultured cryopreserved plants of Н. kalmianum and Н. pulchrum had a specific spatial orientation without any destruction of the membranes. The results show a specific response of each species to these experimental conditions.
Introduction
Cryopreservation is an up-to-date technique for a longterm conservation of plant genetic resources and plant tissues with valuable characteristics for a theoretically unlimited period of time (Reed 2008 , Ozudogru et al. 2010 , Pence 2014 . Ultralow temperatures during cryopreservation have a direct effect on morphogenesis during subsequent regeneration (Kaczmarczyk et al. 2008) . It is manifested in a collapse of photosynthetic tissue, in cell plasmolysis, and destruction of intracellular membranes (Danova et al. 2009 , Ganeva et al. 2009 ). The success of this method is predetermined by the elimination of cell damage caused by freezing stress (Xu et al. 2006) in order to preserve cell vitality and genetic stability after thawing. Basically, research works with a cryopreserved plant material are aimed at elaborating an optimal protocol according to the requirements of a particular group of plants or valuable species. Many Hypericum species are medicinal plants (Yamaner et al. 2013) , which makes them an appropriate object for cryoconservation. The most studied species is Н. perforatum where plants regenerated after cryotreatment have been studied by physiological, biochemical, and genetic methods (Urbanová et al. 2002 , Skyba et al. 2010 . Subsequently, the research work has been extended over another Hypericum species (Petjová et al. 2014) . Histological studies and ultrastructural studies of plastid apparatus of regenerated leaves should also be considered in the evaluation of lowtemperature effect and the regeneration potential of a species recovered after cryopreservation (Ganeva et al. 2009 , Stoyanova-Koleva et al. 2013 . The aim of the present study was to assess the effect of a freezing temperature on the leaf histological organization and mesophyll chloroplast ultrastructure in seven Hypericum species.
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Materials and methods
Cryoprocedure and post-cryo regeneration were carried out in the Institute of Biology and Ecology, the Faculty of Science, P.J. Šafarik University in Košice, Slovakia (for details see Petjová et al. 2014) , and plant material was kindly provided for structural analyses. Leaves from 35-d-old in vitro grown plants (control plants) and in vitro regenerated plants after cryo-treatment of shoot tips between -11 and -4 o C (Petjová et al. 2014) 
, and H. rumeliacum Boiss.) were subjected to light microscope (LM) and transmission electron microscope (TEM) studies.
For structural analysis, 10 fully expanded leaves were taken from the 2 nd or 3 rd nodes of 5 plantlets of each species. Small segments from the middle part of the leaves were fixed in 3 % (m/v) glutaraldehyde in a 0.1 M sodium phosphate buffer (pH 7.4) at 4 °C for 12 h. For LM, handmade transverse cuttings were mounted on slides in glycerol. Histological observations and documentation of results were carried out by LM and a camera Nicon Eclipse 50i (Tokyo, Japan).
For TEM analysis, the leaf segments were post fixed in 1 % (m/v) KMnO 4 in the same buffer at room temperature for 2 h. After dehydration by increasing concentrations of ethyl alcohol (from 25 to 100 %, v/v), the samples were embedded in Durcupan (Fluka, Buchs, Switzerland). Ultrathin cross sections were cut from the palisade parenchyma with a Reichert-Jung (Wien, Austria) ultramicrotome and contrasted with lead citrate (Reynolds 1963) . Observation was performed by a JEOL 1200 EX (Tokyo, Japan) electron microscope.
Results
Histological analysis of the cryo-plants shows that six of the examined species -H. perforatum, H. annulatum, H. humifusum, H. kalmianum, H. rumeliacum, and only one species -H. tomentosum -had equifacial leaves (Fig. 1E,F) . The leaf architecture of the control plants was the same. The bifacial leaves of the control plants consisted of one palisade layer, two to four spongy parenchyma layers, and adaxial and abaxial epidermes. The freezing temperature during the cryotreatment affected mainly the regeneration of photosynthetic tissues, and the effect depended on the species. The cryoplants from Н. perforatum, Н. annulatum, and Н. tomentosum (Fig. 1B ,D,F) developed leaves with a better structured mesophyll than the control plants (Fig. 1A ,C,E). The leaf of the Н. perforatum control plants was characterized by a regularly structured mesophyll (Fig. 1A) , whereas the leaf mesophyll of the cryo-plants was almost two-fold thicker (Fig. 1B) . In comparison with the control plants of Н. annulatum (Fig. 1D ), the palisade parenchyma in the cryo-plants of the same species had a more regular structure. It was composed of cylindrical elongated cells with a normal symplast contact area (Fig. 1C) . The equifacial leaves of the control and cryo-plants from H. tomentosum had a bilaterally structured palisade parenchyma beneath both adaxial and abaxial epidermes, but in the cryo-plants, the morphological features of palisade cells were closer to the typical structure of this kind of tissue -cylindrical and elongated ( Fig. 1E,F) . Leaves from the Н. humifusum, Н. kalmianum, H. rumeliacum, and Н. pulchrum control plants were bifacial with one-layer of palisade parenchyma and two to three layers of spongy parenchyma ( Fig. 2A-H) . The histological analysis of cryo-plants from Н. humifusum, Н. kalmianum, and H. rumeliacum shows that the ultralow temperature did not affect mesophyll structure ( Fig. 2A-F) . Only the epidermes of cryo-leaves from Н. humifusum and H. rumeliacum consisted of larger cells (Fig. 2B,F) , which increased the leaf blade thickness. In the present experimental conditions, the mesophyll in the control plants of only Н. pulchrum represented a better structure than in the cryo-plants (Fig. 2G,H) . In this species, the leaf mesophyll in the control plants was regularly organized (Fig. 2G) . Although the cryotreatment did not affect the leaf architecture after regeneration, the cryoplants had irregularly structured mesophyll as well as pavement epidermal cells (Fig. 2H) . The palisade cells were elongated but with wavy anticlinal walls which reduced the symplast contact between them. The upper tangential walls of the adaxial epidermal cells were concave.
The ultrastructural analysis of the plastid apparatus in newly formed leaves of the in vitro-and cryo-plants from the seven Hypericum species shows that the ultralow temperature affected the structure of the chloroplast internal membrane system in different ways. The cryoplants from H. annulatum, H. tomentosum, and H. rumeliacum regenerated leaves with well-structured plastids (Fig. 3B,D,F) . The chloroplasts were lensshaped, the well-structured thylakoid membranes were parallel to the long axis, and uniformly distributed in the stroma. The internal membrane system consisted of relatively high grana (up to 30 thylakoids) connected with stromal thylakoids. The chloroplasts of both the control and cryo-plants from Н. annulatum had about the same organization of the internal membrane system (Fig. 3A,B) . The chloroplasts of the control plants possessed a well distinguished peristromium at the site of the cell wall and single starch grains (Fig. 3A) . These features were not present in the chloroplasts of the cryoplants (Fig. 3B) . In the plastids of the H. tomentosum and H. rumeliacum control plants, some morphological markers of thylakoid destruction were detected (Fig. 3C,E) . The chloroplasts were round or irregularly shaped with an abnormal orientation of the internal membrane system. A fusion of the grana thylakoids and a fragmentation of the stromal thylakoids were observed. Large starch grains were visible in the stroma. Only in the mesophyll cells of the H. tomentosum control plants, the mitochondrial reticulum was observed. The mitochondria were amoeboid and formed a wide contact area with chloroplasts and peroxisomes (Fig. 3C) . Destructive changes in the chloroplasts of the cryo-plants of H. tomentosum and H. rumeliacum were not detected (Fig. 2D,F) . Another species in which substantial differences in the organization of plastids between the control and cryoplants were observed was Н. humifusum (Fig. 4A,B) . Chloroplasts in the control plants revealed signs of a severe destruction of thylakoid membranes (Fig. 4A) but the cryo-plants regenerated chloroplasts with a proper thylakoid organization (Fig. 4B) . A unique feature only for this experimental variant was extremely high grana. Their height was almost equal to the transverse chloroplast section. In the H. perforatum control plants, chloroplasts had properly structured thylakoids, whereas the destruction of the internal chloroplast membranes was observed after the cryo-treatment (Fig. 4C,D) . This was manifested in the fusion of granal thylakoids and the fragmentation of stromal thylakoid membranes. Two of the examined species -Н. kalmianum and Н. pulchrumformed chloroplasts with an atypical orientation of the internal membrane system both in vitro and after the cryo-treatment (Fig. 4E-H) . The thylakoids were wavy or with a circular arrangement which is most noticeable in the chloroplasts of the Н. pulchrum cryo-plants (Fig. 4H) . For both species, this structural deviation did not correspond with destruction of the thylakoid membranes.
The study shows that four of the examined species -Н. annulatum, Н. tomentosum, H. rumeliacum, and Н. perforatum -possessed starch grains in the stroma only in the control plants. In the chloroplasts of Н. humifusum, Н. kalmianum, and Н. Pulchrum, starch was detected neither in the in vitro nor in cryo-plants. 
Discussion
Ultralow temperature usually affects the morphogenesis of photosynthetic tissues and the formation of plastid apparatus during leaf regeneration. Cryopreservation is associated with a certain degree of dehydration and formation of ice crystals in cells and intercellular spaces (Samygin 1994) . Also, it has been found out that ultralow temperatures can cause collapse of photosynthetic tissue (Danova et al. 2009 , Ganeva et al. 2009 ), which could alter the shape of the cells. However, the histological analyses determined a negative effect of the ultralow temperature on the structure of leaf tissue in only one of the studied species (Н. pulchrum). For this species, the new morphological characteristics of leaves regenerated after the cryo-treatment were mainly changes in the shape of photosynthetic cells and in contact between them. The negative effect of the cryo-treatment on the other six Hypericum species was insignificant. The Н. perforatum cryo-plants which regenerated leaves with a better structured photosynthetic tissue in comparison with the control plants during the current experiment deserve a particular attention. The registered morphological diversity in the leaf tissue organization in the cryo-plants probably correlated with different ecological characterristics of the examined Hypericum species. These species have a different origin and eco-morphological plasticity, and their cold resistance varies widely. This is the probable reason for the species-specific histological features of the cryo-plants. In this respect, Petjová et al. 2014 have sought a relationship between the tolerance to ultralow temperature and the post cryogenic recovery in 10 Hypericum species by means of morphological, physiological, and biochemical methods. During the current experiment, the histological analysis of the seven Hypericum species shows that only for H. pulchrum, the morphological characteristics of photosynthetic tissues could be a basis for optimization of the cryopreservation protocol.
The structure of plastid apparatus in plants regenerated after cryo-treatment is an indicator of possible compensatory mechanisms to overcome an ultralow temperature stress at the subcellular level. The TEM analysis shows that chloroplasts in the cryo-plants from H. annulatum, H. tomentosum, and H. rumeliacum had a typically structured internal membrane system without any destruction of the thylakoid membranes. Obviously, these three species had a potential to overcome the ultralow temperature stress both at tissue and at subcellular levels of organization. The structural organization of plastid apparatus in Н. humifusum is species-specific. Only in the leaves of the cryo-plants from this species, chloroplasts with very high grana (magnagrana) were formed. This structural transformation might compensate the effect of the ultralow temperature stress. Only in the Н. perforatum cryo-plants, a partial chloroplast destruction was noticed (a reduction of only stromal thylakoids and partial fusion of grana). Obviously, in this Hypericum species, the negative effect of the cryo-treatment was compensated at the tissue but not at subcellular level. It has been found out that low temperature stress could cause a reduction of grana and swelling thylakoids (Kratsch and Wise 2000) . During a low temperature, membranes are attacked by active oxygen forms, which finally lead to a structure damage (Suzuki and Mittler 2006) . The organization of the chloroplast internal membrane system of the in vitro-and cryo-plants of Н. kalmianum and Н. pulchrum differed from the other species. Although the thylakoids were not arranged along the long axis of the chloroplasts, there were no signs of thylakoid membrane destruction. This specific chloroplast structure was not the only feature in common between Н. kalmianum and Н. pulchrum. Also, these are the two species which did not produce hypericin. It is not yet clear whether there is a relation between the structure of chloroplasts and the inability to synthesize hypericin.
In conclusion, each of the examined seven Hypericum species responded in different way to the cryo-treatment. Assimilation parenchyma in the H. perforatum cryoplants was structured evenly, but in the plastid apparatus, signs of grana fusion and stroma thylakoid rupture were visible. In the H. humifusum cryo-plants, the proper constitution of mesophyll and thylakoid membranes was observed. For this species, a specific feature was the extremely high grana. The H. kalmianum cryo-plants had an assimilation parenchyma with a regular organization but chloroplasts with atypically orientated thylakoid membranes. The cryo-plants from H. annulatum, H. tomentosum, and H. rumeliacum regenerated leaves with a well-structured assimilation parenchyma and chloroplasts. H. pulchrum was the only species whose cryo-plants had an impaired assimilative parenchyma accompanied by chloroplasts with a specific wavy internal membrane system. The results obtained in the complex structural study of seven Hypericum species show that, concerning genetically similar species, successful plant regeneration in vitro after a cryotreatment depends on the specific features of each species.
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